In this article, we describe recent developments in the design of both single-photon emission computed tomography (SPECT) and positron emission tomography (PET) instrumentation that have led to the current range of superior performance instruments. The adoption of solid-state technology for either complete detectors [e.g., cadmium zinc telluride (CZT)] or read-out systems that replace photomultiplier tubes [avalanche photodiodes (APD) or silicon photomultipliers (SiPM)] provide the advantage of compact technology, enabling flexible system design. In SPECT, CZT is well suited to multi-radionuclide and kinetic studies. For PET, SiPM technology provides MR compatibility and superior time-of-flight resolution, resulting in improved signal-to-noise ratio. Similar SiPM technology has also been used in the construction of the first SPECT insert for clinical brain SPECT/MRI.
Introduction
Despite major advances in technology in the past 40 years, the basic design of imaging instrumentation has remained relatively unchanged. The most commonly used instrument in clinical nuclear medicine is the gamma camera, first developed by Hal Anger in 1958 [1] . This instrument with an array of photomultiplier tubes (PMTs) that converts the light produced by interaction of gamma radiation with a scintillation crystal continues to be widely used for planar imaging and single-photon emission computed tomography (SPECT). Performance of these systems continues to be dominated by the need for physical collimation. Positron emission tomography (PET) has traditionally involved similar design principles with most systems using block detectors, operating in coincidence, which effectively act as small gamma cameras, again based on PMT read-out of scintillation light (albeit without the need for physical collimation). Historically, there have been many novel designs introduced, particularly for organ-specific imaging [2] , but few if any of these have stood the test of time. It is only recently that alternative technologies have made an impact on the clinical marketplace. This recent evolution opens new opportunities for future molecular imaging.
In this article, recent advances in technology that are influencing the current design of molecular imaging instrumentation are described. Examples of commercially available systems that utilise these technologies (including small-field cameras, SPECT, and PET) are given, with some insight to the motivation of these designs and the potential benefits that they provide. Finally, a brief perspective on future potential development is given.
Recent developments in detector technology
Sodium iodide [NaI(Tl)] continues to be the main scintillator used for gamma cameras having superior light output compared to alternative materials, ideally suited to singlephoton imaging. Several detector materials have offered promise as candidates for future systems: e.g., lanthanum bromide (LaBr) has sufficiently high stopping power and good light output. However, there have been problems in growing large crystals; LaBr is hygroscopic (like NaI) and also emits intrinsic radiation. Most commercial PET systems use lutetium oxyorthosilicate (LSO) or lutetium yttrium 1 3 orthosilicate (LYSO) due to the attractive timing properties of these materials that supports time-of-flight (TOF) estimation. Nevertheless, bismuth germinate (BGO) is still used as an inexpensive option, albeit with no TOF capability. An overview of new scintillator materials can be found in [3] .
The main development in detector design has involved the adoption of solid-state technology. This involves two distinct types of technology: solid-state detectors that provide direct conversion of gamma photon energy to an electronic signal, effectively replacing the more conventional scintillator and PMT combination; and solid-state read-out systems that replace the PMTs but still rely on scintillation crystals. Both have the advantage over the conventional technology of being compact, which opens opportunity for novel designs and specific applications. Readers are referred to [4] for a useful technical overview.
Solid-state detectors
The solid-state detector is not a new technology [5] , but its late introduction to mainstream clinical imaging has probably been the result of relatively high cost. The two most commonly used detector materials are Cadmium Zinc Telluride (CdZnTe or CZT) or, less commonly, Cadmium Telluride (CdTe). In these detectors, the interaction of a gamma ray with the detector produces ionisation with free electrons/holes attracted by an applied bias voltage so as to produce a measurable charge, proportional to the absorbed photon energy. Detectors are designed with small elements or pixels (usually isolated on one electrode with a common electrode opposite), so that spatial localisation is based on simply identifying the element where the signal originates. In clinical practice, the elements are usually approximately 2.5 mm × 2.5 mm square, which defines the intrinsic resolution of the system, but smaller elements are certainly feasible. The final instrument can be very compact and in applications where the camera can be placed close to the activity source, so as to minimise the influence of collimator resolution, the system resolution is superior to that of a conventional camera. A further advantage is the full use of the detection area, unlike the use of Anger logic where the edge area of the detector is usually excluded due to positioning inaccuracies. To isolate the signal to a single pixel, the detector thickness is usually limited to a few millimetres with, as a result, limited stopping power (especially at higher energies). Note that as pixel size is reduced the thickness must also be reduced and, as a consequence, stopping power or sensitivity is further reduced. The sensitivity to 140 keV photons of 99m Tc is of the order of 70% for a 5 mm-thick CZT detector compared to almost 100% for the 9.5 mm-thick sodium iodide crystals coupled to PMTs usually used in a conventional gamma camera. These detectors are, therefore, not ideal for use with PET, since the fraction of 511 keV annihilation photons that are stopped is low.
A definite advantage of CZT is the superior energy resolution compared to a conventional gamma camera (typically around 5.5% for available commercial systems compared to 9-10%). This aids in energy discrimination and so in theory is ideally suited for dual radionuclide studies. A closer inspection of the typical energy spectrum, however, reveals a significant tail on the photopeak (see Fig. 1 ), which results mainly from charge diffusion where the signal arising from photon interaction is shared in neighbouring elements. Steps can be taken to reduce this effect by detecting and summing coincident neighbouring signals. However, in most commercial systems, the tail results in a significant contribution to the acquired counts that must be accounted for when dealing with spillover (down-scatter from a higher energy radionuclide) or scatter correction. In clinical practice, the tail can typically contribute ~ 50% of counts in a scatter window I for CZT and NaI(Tl) detectors. The spectra for the combined dual radionuclides illustrate the improved discrimination using CZT (right)
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placed below the photopeak, necessitating the adoption of complex multi-window methods when dealing with correction for scatter or spillover [6] [7] [8] .
Until recently, use of CZT in imaging instruments has been limited to hand-held surgical cameras and small organspecific imaging systems, where the cost of populating the detector volume is less prohibitive. Only recently has a more conventional sized gamma camera been released based on CZT technology (GE Healthcare, 2016) (Fig. 2) .
A further technology that has been explored is that of charge coupled devices (CCD), the devices used to capture photographs on compact cameras or telephones. These have been used in conjunction with image intensifiers to directly record the light output from a scintillation crystal or phosphor, achieving very high intrinsic resolution. These can be used for high-resolution digital autoradiography [9] . Although a preclinical camera has been designed using similar technology [10] , to date, this approach has not been adapted for clinical SPECT use.
Solid-state read-out devices
In contrast to solid-state detectors that replace both scintillator and PMTs, solid-state read-out devices are used to convert light emitted from a scintillator to an electrical signal, effectively replacing the PMTs. These devices share the advantage of being well suited to applications that require a compact system design. Like semiconductor detectors, these devices have undergone development over several decades, but the recent strong interest in applying the technology in molecular imaging arose largely due to the fact that, unlike the PMT, these devices are insensitive to a magnetic field and so are well suited to hybrid imaging of PET or SPECT and MRI. They can be combined with dense scintillators that are optimal for the detection of 511 keV annihilation photons. The devices used in the first clinical PET/MRI systems introduced by Siemens Healthcare were avalanche photodiodes (APDs) [11] , but more recently, silicon photomultipliers (SiPMs) [12] have been used. A brief outline of the principles and properties of these devices follows.
APDs consist of a light-sensitive layer where light photons produce electron-hole pairs (photo-electric effect), with thickness of the layer chosen to match the wavelength emitted from the scintillator. Application of a high electric field of several volts per micrometre accelerates the electrons with the production of secondary ionisation (avalanche) and a resulting amplified electrical signal, although the gain is significantly less than with the conventional PMTs. A limitation of the APD is the relatively slow rise time of the signal, which renders the device unsuitable for time-of-flight PET detection. The device also needs to be operated at a stable temperature. If the applied reverse-bias voltage is increased sufficiently, then the APD operates in Geiger mode (in analogy to a Geiger counter). The device can then provide a large signal in response to a single light photon and is referred to as a single-photon avalanche diode (SPAD), which can be manufactured as a very small device (20-100 µm). A Silocon PM is an array of SPADs, read-out in parallel to provide a signal proportional to the number of detected light photons in a small detector area (cell). The photo-detection efficiency is similar to a conventional PMT, and importantly, the gain is also similarly large (~ 10 6 ), while using a much smaller operating voltage than required by the conventional PMT. An array of SiPMs is then used in place of the PMT array to enable positioning and energy estimation based on the detected light distribution (Fig. 3) . A significant advantage of SiPMs is the superior timing resolution which enables time-of-flight (TOF) estimation [13] . TOF time resolution less than 100 ps has been demonstrated in bench-top experiments [14] and, at the time of writing, the first results of a prototype commercial PET system based on LSO have been presented with a TOF timing resolution of 250 ps [15] , superior performance to the most recent PMT-based systems. Further improvement in timing resolution is to be expected as the technology develops [16] . As in the case of APDs, SiPMs are virtually insensitive to magnetic fields. They do also need to operate at a stable temperature and noise is reduced if cooling is adopted. A digital SiPM has also been developed by Philips [17, 18] ; this incorporates read-out electronics with an array of SiPMs to provide position and energy signals as a direct digital output avoiding the need for independent spatial decoding.
Detection position estimation
Until recently, most commercial PET scanners were based on block detectors with an array of long, narrow crystals connected to an array of read-out devices (e.g., PMTs or SiPMs) to identify the crystal in which the interaction took place. The point of interaction at depth within the crystal is, however, unknown. This leads to resolution degradation due to the parallax effect, which increases with increasing distance from the centre of the field-of-view [19] . This problem can be addressed by measuring the depth-of-interaction (DOI) in the crystals. Various ways of doing this have been proposed, mainly based on solid-state detectors for scintillation light read-out. The most straightforward approach is to use multiple layers of crystals that can be identified based on differences in the pulse shape for light emitted from different types of crystals [20, 21] . Another possibility is to utilise a depth-dependent light-sharing between two crystals [22] . With the exception of the Siemens HRRT scanner [23] , no DOI estimation is being used in standard commercial scanners.
A further alternative method is to use a dual read-out approach, with light sensors at both ends of the crystal. The relative signal from the two sensors gives an estimate of the DOI. This was initially proposed by Moses et al. [24] using photodiodes at one end and PMTs at the other end of the crystals. Later, the same principle was implemented using position-sensitive APDs at both ends [25, 26] . Recently, several novel approaches, based on light-sharing between crystals and SiPM read-out, have been proposed. In one, a 3D array of crystals is completely surrounded by SiPMs [27] . Two approaches use light-sharing in orthogonal directions at top and bottom of the crystals with either single-ended SiPM read-out [28] , or separate x-and y-read-out on the sides of the crystals [29] . Yet, another approach uses a light-guide and reflector at the top of the crystal-array and SiPM readout at the bottom [30] . It is not clear at this point which of these approaches might be adopted by camera manufacturers in the future.
In contrast to PET scanners, gamma cameras and SPECT systems usually use monolithic crystals coupled to an array of PMTs (with exception of CZT systems). A 2D position of interaction is usually obtained by a simple centroid calculation based on the signal from the different PMTs [1] . However, a better spatial resolution and linearity can be obtained using a maximum-likelihood (ML) position estimation [31, 32] . Normally, 2D positioning is considered sufficient, but DOI information can be useful, especially if non-parallelhole collimators are used [33, 34] . Recently, the interest for using monolithic crystals in PET has been increasing and DOI estimation algorithms have been developed for this purpose [35] [36] [37] . A novel algorithm based on machine learning was recently presented by Pedemonte et al. [38] . The light distribution detected by an array of tiles then provides the information to determine location and energy of the detected gamma photon
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Small-field planar gamma cameras/imaging probes
Small hand-held planar gamma cameras have been designed for use in surgery to aid in the identification of either sentinel nodes or active tumours [39] . The identification of the sentinel node has become a widespread technique in surgery where it is important to establish that disease is localised, with low probability of spread through the lymph system; identification of the lymph nodes that are located on the drainage path associated with the tumour site avoids the need for harvesting of the complete lymph system, which can have serious side effects. The use of a camera as opposed to a simple probe system has obvious advantage in localisation of the active volume. The image can be combined with an optical camera so as to further inform the surgical team [40] . Clearly, the camera needs to be sufficiently light and compact so as to not impede surgery and so that it can be easily manipulated. CZT technology is clearly well suited to this application.
Several groups have developed CZT-based intrasurgical systems and there are a range of cameras commercially available. Small-field planar gamma cameras have been developed (e.g., for thyroid imaging), although few have survived as viable commercial systems. This has probably been dictated by the limited demand for dedicated systems that require a large referral rate to justify their use. The one area of application that continues to be of interest is scinti-mammography [41] . There have been several reports of commercial CZT-based systems (e.g., marketed by GE Healthcare) with the current dual head models providing compelling clinical evidence of superior lesion detection [42] . The proximity of the detectors to the patient, in the form of breast paddles that are used for mild compression, ensures optimal resolution for this system.
SPECT
There are several examples of solid-state cameras being used for dedicated SPECT systems, specifically designed for use in cardiac imaging (Fig. 4) . The D-SPECT (Spectrum Dynamics) takes advantage of the compact detector design to provide a novel detector geometry where multiple small detectors rotate on their axes to acquire multiple projections from a predefined field-of-view [43, 44] . The organ-specific acquisition is combined with wide-beam collimation to enhance the acquired counts from the heart region, determined from a scout view; as a result, acquisition time can be shortened compared to conventional SPECT (by a factor of 3-4). Each of the nine detectors is constructed using an array of 16 × 64 CZT elements (each 2.46 mm × 2.46 mm). GE has used similar CZT technology [45, 46] , instead using 19 detector arrays of 32 × 32 CZT elements, each stationary detector equipped with a single pinhole collimator directed to a common volume where the patient's heart needs to be sited by physically moving the patient (GE NM530c). The system provides similar gain in acquisition time to the D-SPECT. A variation on the D-SPECT design principle for more general application has been announced by Spectrum Dynamics and will be marketed in 2018 as the Veriton (www.spect rum-dynam ics.com) (Fig. 5) . In this case, a full ring of 12 detectors, each rotating on their axes, is used with detectors positioned so as to be close to the patient (including movement of selected detectors so as to be close to the head for brain imaging). The flexible design opens opportunity for flexible organ-specific acquisition providing a capability for 'adaptive' SPECT (a term originally introduced by Barrett et al. [47] to describe task-dependent acquisition).
As stated earlier, scinti-mammography can provide useful information in cases where the conventional X-ray mammography results are inconclusive. SPECT can provide additional information, as compared to planar scintigraphy. A compact CZT-based gamma camera was used to develop a dedicated mammography SPECT scanner [48] . The compact size of the camera allows for the use of complex 3D The overall performance of a gamma camera (resolution vs. sensitivity) tends to be dominated by the collimation used. In the conventional gamma cameras, usually parallelhole collimators are used with dimensions chosen to suit the photon energy for the radionuclide of interest. In contrast, in preclinical systems, pinhole collimation is used to magnify the field-of-view with a corresponding improvement in system resolution. This results from the improvement in the intrinsic component of the system resolution by a factor equal to the magnification. This principle can be used to provide sub-millimetre resolution, ideal for imaging of small rodents, but has also recently formed the basis for systems available for clinical brain imaging. A similar approach is adopted in the G-SPECT brain imaging system being promoted by MILabs where resolution of less than 3 mm has been demonstrated [49] . In this case, the field-of-view is smaller than the brain and requires movement of the patient bed so as to capture information from the complete head (Fig. 6 ). However, with improvement in the intrinsic resolution of detectors, pinhole collimation can be used with a different objective, placing the pinhole aperture closer to the detector so as to result in minification rather than magnification. Using this approach, multiple small compact detectors can be used to achieve a significant gain in sensitivity while maintaining resolution [50, 51] . Slit-slat collimators provide a compromise, adopting parallel-hole collimation along the axial direction so as to preserve the useful field-of-view but pinhole (slit) collimation in the transaxial direction. This type of collimator is considered optimal for imaging the human brain [52] .
As an alternative to the gain in sensitivity that can be achieved with multi-pinhole collimators in combination with high intrinsic resolution detectors, the goal can be to achieve a more compact design, well suited to applications where mobility is important or space limited. This has been exploited in the design of a compact MRI-compatible SPECT system which enables simultaneous SPECT/MRI imaging of a patient's head (Fig. 7) . This system is based on caesium iodide scintillators coupled to SiPM read-out, customised to the wavelength of the scintillation light produced. MRI-compatible electronics provides on-board positioning logic with optical fibre connection to a more remote data acquisition system [53] . The detector has been designed to provide 1 mm intrinsic resolution, well suited to compact design. The device is equipped with a novel multi-aperture slit-slat collimator [54] that provides minification, while maintaining slat length, to provide a stationary SPECT acquisition, a necessary feature of an MR-compatible system. This stationary system has the added advantage of facilitating dynamic acquisition, avoiding the problems of rotation inherent in the conventional SPECT systems. Demonstrating feasibility with a demountable head-only insert [55] may stimulate interest in developing whole-body SPECT/MRI, following a similar development pathway to PET/MRI. The challenges in achieving compatibility with MRI are similar to those encountered in PET/MRI, with the added possibility of introducing eddy currents in the collimator. The availability of additive manufacturing technology [56] can aid in the manufacture of complex collimators that achieve effective radiation shielding while introducing divided components that minimise the possibility of eddy currents [57] .
PET
Most PET systems have been designed for general wholebody scanning, however, like SPECT, there can be advantage in designing organ-specific systems. Reducing the detector ring diameter for brain or breast imaging can result in improvement of both sensitivity (increased detection solid angle) and resolution (reduced effect of annihilation photon non-colinearity). Note, however, that DOI effects become significant for these systems and so DOI information is important. There has been renewed interest in developing dedicated brain systems. Systems with resolution less than 2 mm are being developed, benefiting from combined TOF and DOI capability. In addition, the adoption of monolithic crystals rather than block detectors is leading to improved spatial resolution [58] ; an example is the recently introduced compact CareMiBrain (www.oncov ision .com) (Fig. 8) . Several groups have also developed wearable brain imaging systems that are supported on the subject's head so as to enable acquisition during free movement of the subject [59] [60] [61] . These clearly depend on availability of compact, light-weight technology. Positron Emission Mammography (PEM) has been also proved to be a valuable complement to the conventional X-ray mammography for detection and staging of breast cancer, and a number of different PEM systems have been developed over the years [62] . These systems evolved from stationary dual-headed systems, based on the limited-angle tomography principle, to rotating and full-ring systems, providing fully tomographic images. For example, the ClearPEM scanner is a rotating dual-headed system, based on LYSO crystals sandwiched between two APD arrays, providing DOI information with a spatial resolution of ~ 1.3 mm [63] . Excellent TOF timing resolution will also enable new designs which would otherwise suffer from limited-angle artefacts, in PEM systems [64] , but also in in-beam PET for proton radiotherapy [65] .
Historically, the design of clinical PET/CT systems was fairly stable, mainly based on block detectors and PMT readout [66] . As mentioned above, the development of simultaneous PET/MRI has acted as a stimulus for technological development [67] [68] [69] . The need for compact, MR-compatible components has stimulated the fast adoption of solidstate read-out systems, initially APDs, but more recently SiPMs. The superior coincidence timing has resulted in a better TOF timing resolution than was previously achievable, with the result that similar PET designs are being adopted for the latest PET/CT instruments [15, 70, 71] . Prior to the introduction of SiPM-based PET, the coincidence timing resolution in commercial systems was in the order of 600 ps, with a signal-to-noise gain of around 1.8 for a 30 cm object. In the most recent systems, the timing resolution is much improved with increasing evidence of improved clinical performance (Fig. 9) [72] . Further gains are likely as detector performance continues to improve.
Apart from the technical challenges related to compatibility issues, another challenge in PET/MRI systems is the attenuation correction, as the MRI image cannot be used directly to create a transmission map. A number of different approaches have been developed to address this problem [73] , particularly directed to achieving quantitative brain PET reconstruction. However, in the case of the thorax, where attenuation is patient and disease specific, work is still in progress. On the other hand, PET/MRI has several advantages over PET/CT. There is no additional radiation dose with MRI and MRI provides better soft-tissue contrast, especially in brain and pelvic studies. MRI can be used for motion tracking, for estimation of multiple complementary parameters using different pulse sequences and for estimation of physiological parameters using dynamic MRI imaging following injection of a contrast agent,.
There is increasing interest in designing extended axial length PET systems that would enable whole-body imaging (Fig. 10) . This work has been pioneered by the EXPLORER consortium [74] , but there are already several additional research groups considering similar designs. The development is motivated by possible applications, e.g., whole-body kinetic studies which may be of interest in pharmaceutical development; significantly improved sensitivity leading to ultra-low-dose whole-body PET imaging which might open avenues for paediatric applications and screening programs. The systems are likely to be expensive due to the high volume of detectors and they raise further technological issues, e.g., the need to determine DOI and to deal with the anticipated high scatter fraction.
Recent developments in reconstruction software
Although the focus of this article is on instrumentation it is clear that the developments in image reconstruction continue to play an integral role in achieving optimal image quality for both SPECT and PET. It is the combination of instrument capability and use of appropriate algorithms that provides the final images that are clinically interpreted. A good example is the case of TOF PET imaging where the signal-to-noise gains are a direct consequence of the additional information available from coincidence timing during reconstruction.
Iterative reconstruction [75] has become the standard approach, providing flexibility in handling detector geometry, straightforward incorporation of measured attenuation, and opportunity to include details of detector resolution and estimated motion. There is increasing evidence that extending reconstruction to handle not just the three-dimensional activity distribution but also changes that occur in time due to motion or tracer kinetics can provide improved image quality. Although maximum-likelihood reconstruction based on the ordered subsets expectation maximization (OSEM) algorithm [76] is widely used, there is growing recognition that alternative algorithms can provide advantage (reduced bias and better precision) with acceleration strategies that enable practical use. Some strategies are not new but have taken considerable time to gain acceptance, taking advantage of the ever-increasing capabilities of modern computers. Vendors are faced with a dilemma in choosing from a growing range of possible approaches, where choice of parameters is often poorly understood by end-users and full validation rarely available. Standardisation across systems becomes increasingly challenging as suppliers add customised solutions to tackle noise control and computational efficiency. This is further complicated by the need to select task-specific solutions.
A development, which has led to improved spatial and temporal accuracy, was the introduction of list-mode reconstruction [77, 78] . In this case, the detection coordinates and other relevant information are stored for each detected event during acquisition. The main advantage of the latter approach is that it makes it possible to utilise the most accurate information supported by the scanner hardware in terms of position, energy, TOF information, or time; as in the traditional histogram format, data size can become impractical. Fig. 9 Whole-body PET images comparing the Siemens SiPM-based prototype Biograph Vision with < 250 ps TOF resolution (right) with their conventional mCT system with < 540 ps TOF resolution (left). Lesions can be better identified due to the improved contrast with improved TOF resolution. Note that differences in imaging start time (60 vs. 113 min post-administration) and reconstruction parameters may partly account for the observed differences in image quality (Data courtesy of University of Tennessee and Siemens) Fig. 10 Explorer-whole-body PET: a major development led by the team at UC Davis in conjunction with United Imaging. The group is developing a whole-body PET system which will acquire a whole-body PET with a 40 times gain in sensitivity compared to current systems. Illustrated are the conceptual design (left) and mock system (right)
Noise control
The problem of noise in PET and SPECT images is normally addressed by some kind of regularisation technique, such as low-pass filtering to reduce the intensity of high-frequency components. An alternative approach that can be used in iterative algorithms is to incorporate the concept of a "likely image" as a priori information during the reconstruction process, so that the algorithm is guided towards a solution with a low noise level. This is known as a Bayesian or Maximum A Posteriori (MAP) algorithm. One example of a prior is the Relative Difference penalty [79] which penalises large relative differences between neighbouring voxel values, but with the option to have some edge preservation. This penalty forms the basis for the recent Q.Clear commercial implementation [80] . Just like other regularisation methods, MAP introduces extra parameters. It is still a topic of research on how to set optimal parameters for a particular task (such as lesion detection [81] ).
Regularisation can lead to a reduction in the spatial resolution. However, it is possible to compensate for this by utilising high-resolution anatomical information from CT or MRI images as a priori information during the reconstruction (for reviews, see [82, 83] ). Alternatively, a postreconstruction partial volume correction (PVC) procedure can be used (for reviews, see [83, 84] ). These techniques are made more accessible by the introduction of multi-modality systems (PET or SPECT combined with CT or MRI), reducing the need for image co-registration (for recent reviews, see [55, [85] [86] [87] ). These techniques also open the door for methods in which PET data are used to improve the quality of MRI images [88] .
Time-of-flight
In recent years, commercial PET scanners capable of timeof-flight (TOF) measurement have been introduced (for recent review, see [13] ). By measuring the time-difference between the detection of the two annihilation photons, the annihilation position along the LOR can be estimated, leading to improved signal-to-noise ratio (SNR), as well as faster convergence. Other benefits of TOF were, perhaps, less expected but are just as important. These include increased robustness to errors in the attenuation map [89] [90] [91] and the possibility to estimate the attenuation map (or the attenuation factors) from the emission data [92, 93] . They all follow from the increased stability of the reconstruction problem. With the novel solid-state detector technology, the increased TOF resolution is expected to improve the benefits of TOF dramatically. As mentioned previously, TOF information can improve image quality in systems with restricted geometry such as partial-ring or dual-headed PEM [64] .
Accounting for temporal changes
There is sometimes a need to correct for patient motion, including body motion, respiratory, and cardiac motion. The correction can be either rigid or non-rigid, and requires either dynamic or gated data acquisition. The motion-pattern can be estimated directly from the data, or can be obtained using an external motion-tracking device or MRI data. Motion correction can be incorporated in the reconstruction process [94] [95] [96] .
Dynamic acquisition also allows for kinetic analysis of the data [97, 98] , which can provide additional information that could be clinically relevant, by analysing the uptake and washout of the tracer as a function of time. Kinetic analysis and image reconstruction can be performed independently; however, combining the two procedures into a 4D parametric reconstruction algorithm can lead to improved results [99] (for reviews, see [100] [101] [102] [103] ). Motion correction is fundamental for parametric imaging, and a method for estimating both motion and kinetic parameters simultaneously was recently presented [104] . With combined PET/MRI systems, it is possible to develop kinetic models that utilise both dynamic PET and dynamic MRI data for parameter estimation [105] . These systems can also be useful for non-invasive estimation of the input function, which is normally required for kinetic modelling [106] .
A recent development that is of practical interest is the possibility to acquire whole-body PET kinetics by repeatedly scanning the patient through multiple bed positions or through repeated continuous axial motion of the patient. The resulting set of time frames can be used in conjunction with a population-based input function to derive kinetic parameters (e.g., via Patlak analysis). Since the set of acquisition times differs for each transaxial slice, the 4d reconstruction software needs to include additional timing information, so that parametric images can be produced for the whole-body.
Dynamic acquisition has always been problematic using SPECT due to the detector rotation that is normally necessary. With the advent of stationary systems (e.g., GE NM530c and the SPECT/MRI insert) continuous dynamic acquisition similar to that obtained in PET is feasible [107] . This opens the potential for extraction of tracer kinetic parameters and the possibility to use radiopharmaceuticals whose uptake is not necessarily constant over time (usually a necessary condition for conventional SPECT).
As the dimensionality of the data increases, with the acquisition of dynamic and/or gated data from multiple modalities, the increased availability of fast data processing hardware, such as the Graphical Processing Unit (GPU), makes it possible to implement reconstruction much faster than previously possible. This also opens possibility to perform computationally demanding tasks such as bootstrap uncertainty estimation [108] .
Conclusions and future prospects
Imaging continues to play an important role in patient management and has an increasingly relevant role in precision medicine where individuals can benefit from personalised treatment. The search for better detectors continues, although the adoption in commercial systems tends to be relatively slow, partly due to cost considerations but also due to the need for stable temperature-independent performance and robust production methods. The research community continues to play an important role in exploring the potential application of new technologies to medical imaging, and optimising the quality of images that are produced and the robustness of parameters that can be extracted. In this article, there is an emphasis on the recent adoption of solid-state technology in the development of both SPECT and PET systems. The system designs that are appearing offer potential to support novel future applications and to stimulate the extended use of nuclear medicine procedures. In addition, the compact design that is achievable with solidstate technology would be well suited to SPECT systems with small footprints that can be installed in specialist clinics or designed as mobile systems that can be used at the patient's bedside, a capability formerly only possible with small planar cameras.
As the capability of instrumentation continues to evolve it should be borne in mind that the ultimate design should be defined by clinical need, not simply by engineering invention. Changes in instrument capability can, however, influence development in radiochemistry, e.g., opening possibility for tracers suitable for dynamic SPECT studies rather than limiting the choice of tracer to those which reach equilibrium, as required for rotating SPECT acquisition.
The rapid development of solid-state read-out devices continues to reduce the barriers for PET TOF imaging, with theoretical limits for timing resolution now well below 100 ps. This is leading to significant gains in signal-to-noise ratio in addition to potential reduction of certain artefacts and limitations. The suppliers recognise this potential and already are moving towards the adoption of SiPM technology as an option across their range of PET instruments.
There continues to be some debate regarding the likely future demand for the hybrid option of PET/MRI, with the capital cost hard to justify in the clinical setting. There are now a significant number of systems in tertiary institutions and research centres, and there may still be unforeseen applications that drive this market in the future. There also continues to be uncertainty regarding the future demand for organ-specific systems. Throughout the history of imaging instrument development, there have been many designs for use in dedicated studies of brain, heart, and breast, with evidence that superior performance can be achieved for specific tasks. In general, however, there is more interest in systems that provide flexible application, particularly as clinical demands change over time. System designs that provide optimal flexibility in acquisition protocols are certainly desirable.
